pathological variations in the timing of puberty may provide unique information about the interactions of either environmental conditions or genetic susceptibility with the hypothalamic mechanism controlling the onset of sexual maturation, as shown by examples of precocious puberty following exposure to endocrine disrupters or due to hypothalamic hamartoma.
Introduction
Puberty results from the awakening of a complex neuroendocrine machinery initiated by an unknown primary mechanism. Sexual maturation is the culmination of a complex sequence of events that leads to activation of the gonadotropic axis. The hypothalamus integrates multiple peripheral and central signals leading to the resurgence of pulsatile gonadotropin releasing hormone (GnRH) secretion which controls the secretion of luteinizing hormone and follicle stimulating hormone.
Abnormally precocious sexual development has been defi ned as the occurrence of Tanner stage B2 before 8 years in girls and Tanner stage G2 before 9 years in boys. However, two recent studies in the United States [1, 2] , reviewed by Lee et al. [3] , highlighted an unexpected ad-vance in physiological age at the onset of breast development, thus raising the question of a possible advancement in the timing of puberty. Recently updated Belgian data indicate that menarcheal age has remained stable for the past 20 years at around 13 years of age but that the third centile for stage B2 in girls and 4 ml testicular volume in boys has decreased to 7.7 and 7.6 years, respectively [4] . In addition, early pubertal development and an increased incidence of sexual precocity have been noticed in children migrating to a number of western European countries [5] . These differences in timing of puberty seem to result from interactions of environmental factors irrespective of genetic susceptibility, since children migrating from several continents and belonging to several ethnic groups are involved [5] .
Hypothalamic hamartoma is a condition frequently associated with severely precocious puberty possibly resulting from overexpression of some central genes independently of environmental factors.
We have chosen two conditions associated with precocious puberty, i.e. hypothalamic hamartoma and migration after exposure to endocrine disrupting chemicals, in order to explore some of the possible environmental and genetic factors likely involved in early sexual maturation.
Environmental Factors Possibly Involved in Early Onset of Puberty
Environmental effects on the mechanism of pubertal onset may start during intrauterine life. Some studies have reported an earlier menarcheal age in girls with low birth weight or in utero growth retardation [6, 7] . In the general population, however, some authors found no signifi cant correlation between birth weight and menarcheal age [8] , while others reported that thin newborns entered puberty earlier [9, 10] .
Nutrition is likely to play a key role in the timing of puberty and could explain, at least partially, the downward secular trend in the timing of puberty [5] . This is suggested by the direct relationship between body weight and age at onset of puberty [11, 12] . Also, girls with early menarcheal age are more likely to be obese [8] . However, the relation between fatness and menarcheal age could be either causal or consequential and may involve genetic participation. Leptin, insulin-like growth factor-I and glucose have been shown to be involved in the control of GnRH secretion, but their role in the timing of puberty remains controversial [5] .
Leptin, however, appears to be a permissive factor important in physiological conditions and critical in some disorders, with an effect independent of body weight in hypothalamic amenorrhea [13] . The effects of fat mass may also interact with the effect of some endocrine disrupters that have a high affi nity for lipids and are stored in fat tissue, thus creating conditions for persistence of systemic effects.
Precocious Puberty in Migrating Children as a Model for Studying Environmental Factors Involved in the Onset of Puberty
Following an initial report from Sweden [14] , sexual precocity has been described in children migrating from developing countries, primarily through international adoption [5] . In some of these studies, cohorts of foreign adopted children were evaluated: not only was the absolute frequency of sexual precocity increased but advanced puberty was also a general feature ( fi g. 1 ) instead of precocity being a feature of a particular subset of cohorts. The differences in country of origin were unlikely to bias the fi ndings, because in these studies the average menarcheal age was advanced in comparison with data from the foster countries as well as from the countries of origin [5] . In addition to the cohort studies of foreign adopted children, additional evidence of early pubertal timing was provided by the observation of sexual precocity in individual foreign adopted patients described as an entity in Italy [15] and in France [16] or in comparison with the whole group of patients seen for central precocious puberty in Copenhagen [17] and in Belgium [18] . In this latter country, foreign migrating children represented 28% of patients seen with central precocious puberty, accounting for an 80-fold increased risk of sexual precocity in comparison with native Belgian children [18] . The migrating children came from different ethnic and national backgrounds and were migrating either for international adoption or together with their original family and without any history of deprivation. It has been hypothesized that moving to Belgium could result in a change in exposure to endocrine disrupting chemicals when a child moves from the home country to the foster country, thus causing the occurrence of sexual precocity.
Endocrine disrupting chemicals are widespread environmental substances that have been introduced by man and may infl uence the endocrine system in a harmful manner [19, 20] . They may play a role in disorders of human sex differentiation and in alterations to the reproductive organs and functioning. Screening for eight 43 organochlorine pesticides in the serum of foreign migrating children with precocious puberty revealed the presence of 1,1-dichloro-2,2-bis(4-chlorophenyl) ethylene ( p,p -DDE), a persistent derivative of the pesticide DDT, while p,p -DDE levels were undetectable in the serum of native Belgian patients. DDT, although banned in the US and western Europe, is still in use in developing countries and behaves as an oestrogen agonist or androgen antagonist [21, 22] . A pathophysiological mechanism of precocious puberty in these children has been proposed [5, 18] and is schematically depicted in fi gure 2 : DDT, like oestradiol [23, 24] , is able to promote hypothalamic maturation, exerting an inhibitory effect at the pituitary level that is most effective in prepubertal individuals. This prevents the gonadal manifestation of hypothalamic effects and signs of sexual maturation. Migration may interrupt exposure to endocrine disrupters and precocious puberty might then result from withdrawal of their negative feedback effect and/or from accelerated hypothalamic maturation. A stimulatory effect of sex steroids at the hypothalamic level is suggested by our experimental data. Oestradiol increased the frequency of pulsatile GnRH secretion from hypothalamic explants of 15-day-old female rats. This stimulatory effect was preferentially seen in immature female rats and was observed neither in older females nor in males [23] . Such sexual dimorphism, which is dependent on perinatal brain sexual differentiation, is interesting to note since precocious puberty affects girls more often than it does boys for reasons which are still unclear. Moreover, when oestradiol was administered in vivo between days 5 and 10, pulsatile GnRH secretion was accelerated, which is typical of the process of hypothalamic maturation, and precocious puberty was observed with early vaginal opening and fi rst oestrus [23, 24] . Similarly, DDT accelerated pulsatile GnRH secretion in immature female rats and induced precocious puberty when administered in vivo [24] . DDT effects, like oestradiol effects [24, 25] , are mediated by oestrogen receptors and involve the kainate subtype of glutamate receptors. Moreover, DDT also acts through the orphan dioxin receptor [24] . 
Genetic Factors Possibly Involved in Early Onset of Puberty
Evidence for genetic regulation of puberty is provided by studies showing a correlation between the ages at which a mother and her daughter attain puberty [5, 26] , as well as twin correlation studies indicating that 70-80% of the variance in pubertal timing can be explained by genetic factors [5, 26] . Population studies showing that age at puberty varies among ethnic groups also suggest a genetic control of puberty. The genetic control of the variance in pubertal timing is likely to be a complex polygenic trait [26] and those genes still remain to be discovered. Some candidate genes, such as those controlling sex steroid biosynthesis, action and metabolism, have been found to exhibit polymorphisms associated with possible variations in pubertal timing in a given population. In Japan, early menarche was linked to the A2 polymorphism of the CYP17 gene controlling androgen biosynthesis and thereby possibly accounting for increased serum oestradiol levels [27] . However, in American girls, the CYP17 alleles were not associated with early breast development. Instead, this event was strongly associated with the A4 allele of CYP3, an enzyme involved in testosterone catabolism [28] . More recently, evidence has been presented showing that familial central precocious puberty is determined by an autosomal dominant mode of transmission with incomplete penetrance affecting mostly girls [29] .
Krewson et al. [30] assessed a panel of chromosome substitution strains in mice and reported that the timing of vaginal opening differed between two inbred strains. Their fi ndings showed that chromosome 6 and 13 harbour quantitative trait loci regulating pubertal timing in mice. This lays the foundations to map these loci and establish the identities of the genes responsible. Moreover, this new tool could lead to the discovery of new genes involved in sexual maturation in humans.
The central activation of puberty requires the participation of neuronal and astroglial networks regulated by upstream transcriptional factors. Some of these upstream genes have recently been identifi ed. Oct-2, a POU domain gene originally described in cells of the immune system, transactivates transforming growth factor (TGF)-␣ promoter in glial cells and thus activates a gene involved in facilitating the onset of puberty. Oct-2 mRNA transcripts increase during juvenile development before puberty takes place and brain lesions inducing puberty result in the rapid and selective increase in Oct-2 transcript in TGF-␣ -containing astrocytes surrounding the lesion [31] .
A role for the GPR54/KiSS-1 system recently emerged when two independent reports showed that mutations and deletions of the GPR54 gene were found in patients suffering from idiopathic hypogonadotropic hypogonadism [32, 33] , and this condition has been reproduced in mice carrying a disrupted GPR54 locus [33] . In addition, recent studies have shown that GPR54 gene expression increases in the mouse hypothalamus at puberty [34] , and that the expression of both the GPR54 gene and the gene encoding the KiSS precursor increase in the non-human primate hypothalamus at the time of puberty [35] . Furthermore, chronic central administration of KiSS-1 has now been shown to precociously activate the gonadotropic axis [34, 35] .
One of our laboratories has compared gene expression profi les between the cortex and the hypothalamus and identifi ed changes that are specifi c to the neuroendocrine brain throughout puberty in the non-human primate. These results support the concept that the onset of puberty requires concerted changes in gene transcription and intracellular signalling cascade but also activation of cell-cell communication pathways that may be critical for neuron-neuron and glial-neuron information transfer. Two genes showed a robust increase throughout puberty: TTF-1 and a novel gene called chromosome 14 open reading frame 4 (C14ORF4). TTF-1 is a homeodomain gene of the Nkx family that has been implicated in the control of female reproductive capacity [36] . C14ORF4, now named EAP1 (enhanced at puberty-1), appears to be a transcriptional regulator of genes involved in the transsynaptic control of GnRH secretion [37] . Although the involvement of these genes in precocious puberty has not yet been demonstrated, they represent interesting candidates since they are part of the gene network leading to sexual maturation.
Hypothalamic Hamartoma as a Model for Studying Genetic Factors Involved in the Onset of Puberty
Hamartomas are rare congenital non-neoplastic lesions containing mature brain tissue in a heterotopic location. They are almost exclusively located at the base of the hypothalamus. In most cases, they contain neurons and astroglial cells of normal aspect in addition to ependymoglial-like cells. Astrocytes seem to be increased. Neuronal processes reaching adjacent structures are frequently observed [38] . Most hypothalamic hamartomas are symptomatic and are associated with precocious puberty [39] and/or gelastic seizures. Sexual precocity caused by a hypothalamic hamartoma occurs at a much earlier age than idiopathic precocious puberty of central origin [40] . The mechanism by which hypothalamic hamartomas cause precocious puberty is unknown and they represent a model of choice to identify the genes involved in the early onset of puberty and, subsequently, those involved in the physiological onset of puberty.
Several mechanisms have been proposed to explain precocious puberty in hypothalamic hamartomas, including mechanical pressure, autonomous GnRH secretion, transsynaptic activation via myelinated fi bres connecting the hamartoma to the hypothalamus, and secretion of glial products able to stimulate the patient's GnRH neuronal network [41] .
Some hypothalamic hamartomas do not induce sexual precocity despite a hypothalamic location similar to that of hamartomas associated with precocious puberty. This observation argues against the idea of mechanical factors underlying hypothalamic hamartoma-induced precocious puberty. Moreover, this activation of puberty occurs only if the lesion affects areas of the hypothalamus near to the GnRH neuronal network.
The detection of GnRH neurons in some hypothalamic hamartomas [42] led to the hypothesis that these neurons represented neurosecretory cells able to function independently, activate endogenous GnRH secretion and induce premature sexual maturation [42, 43] . However, Jung et al. [44] reported two cases of hypothalamic hamartoma associated with precocious puberty in which no GnRH neurons were found. Instead of containing GnRH neurons, the hamartomas displayed astrocytes expressing TGF-␣ and its erbB1 receptor. TGF-␣ is known to mediate the facilitatory effect of astroglial cells on GnRH secretion [45] . Moreover, cells genetically engineered to produce TGF-␣ were found to induce sexual maturation in female rats when grafted near GnRH nerve terminals or GnRH cell bodies [46] . Hypothalamic hamartomas have been found to produce several neuropeptides in addition to GnRH and TGF-␣ [41] .
Because hypothalamic hamartomas might express the same transcriptional and signalling networks required for the initiation of normal puberty, we compared the gene expression profi le of a hamartoma associated with precocious puberty with three hamartomas not accompanied by advanced sexual maturation [47] . The hamartomas 46 were surgically removed due to intractable seizure activity. Total RNA was extracted, amplifi ed, labelled and hybridized to a microarray chip containing 18,400 genes. Hierarchical cluster analysis identifi ed a subset of genes whose expression was increased at least twofold in the hamartoma with precocious puberty compared with each of the other three hamartomas without precocious puberty. These genes encode proteins involved in three key cellular processes: transcriptional regulation, cell-cell signalling and cell adhesiveness. Thus, they may be part of biological complex relevant to the ability to induce puberty. It is interesting to note that some of these genes were fi rst described as tumour-related genes. Similarly, microarrays of hypothalamic gene expression in the monkey identifi ed a subset of tumour-related genes increased at onset of puberty [48] .
Conclusion
Pathological variations in the timing of puberty may provide unique information about the interactions of either environmental conditions or genetic susceptibility with the hypothalamic mechanism regulating the onset of sexual maturation. Normal individual variability in the timing of puberty involves familial, ethnic and gender patterns and is likely to depend on genetic control of the expression of signals or signal receptors in the hypothalamus. This physiological process is likely to be less infl uenced by environmental factors. These environmental factors may play a prominent role in situations such as the secular advancement in onset of breast development seen in some industrialized countries or the increased incidence of precocious puberty in children migrating to such countries. Another condition associated with precocious puberty is hypothalamic hamartoma containing the key transcriptional and signalling networks required to initiate the pubertal process. Hypothalamic hamartomas provide us with valuable hints towards the identifi cation of gene networks responsible for both hamartoma-dependent sexual precocity and the onset of normal human puberty.
We have mentioned the potential role of DDT in precocious puberty in migrating children, but there are several other endocrine disrupters still to be studied. Similarly, the study of hypothalamic hamartoma gene profi le expression has allowed us to identify some of the potential factors involved in precocious puberty amongst several other possible candidates.
